Vascular endothelial cells (EC) are the initial cells within the vascular wall exposed to decreases in blood ambient oxygen concentration. The mechanisms by which they tolerate low levels of oxygen are unknown, but may parallel the response to other cellular stresses, such as heat shock. After 4-8 h of hypoxia, we found a decrease in total protein synthesis in both cultured bovine aortic and pulmonary arterial EC. SDS-PAGE and autoradiographic analysis of [35S]methionine-labeled proteins demonstrated the concomitant induction of a specific set of proteins (Mr 34, 36, 47, and 56 kD) in both cell types. These hypoxiaassociated proteins (HAPs) were cell-associated and up-regulated in a time-and oxygen concentration-dependent manner. Comparison of these proteins with heat shock proteins (HSPs) demonstrated that HAPs were distinct from HSPs. EC maintained chronically in 3% O2 continued to synthesize elevated levels of HAPs, yet further up-regulated these proteins when exposed to 0% O2. The presence of five times the normal media glucose concentration did not alter the appearance of HAPs. Hypoxia sensitive renal tubular epithelial cells up-regulated no proteins corresponding to HAPs and were irreversibly damaged within 8 h of exposure to 0% O2. In vitro translation experiments demonstrated that the steady-state level of several mRNAs was higher in the anoxic EC than in normoxic EC and encoded for proteins of Mr 32, 35, […] Abstract Vascular endothelial cells (EC) are the initial cells within the vascular wall exposed to decreases in blood ambient oxygen concentration. The mechanisms by which they tolerate low levels of oxygen are unknown, but may parallel the response to other cellular stresses, such as heat shock. After 4-8 h of hypoxia, we found a decrease in total protein synthesis in both cultured bovine aortic and pulmonary arterial EC. SDS-PAGE and autoradiographic analysis of I3Simethionine-labeled proteins demonstrated the concomitant induction of a specific set of proteins (M, 34, 36, 47, and 56 kD) in both cell types. These hypoxia-associated proteins (HAPs) were cell-associated and up-regulated in a timeand oxygen concentration-dependent manner. Comparison of these proteins with heat shock proteins (HSPs) demonstrated that HAPs were distinct from HSPs. EC maintained chronically in 3%02 continued to synthesize elevated levels of HAPs, yet further up-regulated these proteins when exposed to 0% 02. The presence of five times the normal media glucose concentration did not alter the appearance of HAPs. Hypoxia sensitive renal tubular epithelial cells up-regulated no proteins corresponding to HAPs and were irreversibly damaged within 8 h of exposure to 0% 02-In vitro translation experiments demonstrated that the steady-state level of several mRNAs was higher in the anoxic EC than in normoxic EC and encoded for proteins of M, 32, 35, 37, 40, and 48 kD that were different from proteins encoded by HSP mRNAs. The induction of HAPs during acute hypoxia and their continued synthesis in chronic hypoxia suggest that HAPs may be important in the maintenance of endothelial cell integrity under conditions of decreased ambient oxygen. (J. Clin. Invest. 1991. 87:908-914.).
Introduction
Owing to their anatomical location, endothelial cells (EC)' are the initial cells within the vascular wall to be exposed to de-1. Abbreviations used in this paper: EC, endothelial cells; GRP, glucose-regulated protein; HAP, hypoxia-associated protein; HSP, heat shock protein.
creases in blood ambient oxygen concentration. Normally, the pulmonary endothelium is exposed to the lower oxygen content of mixed venous blood; in pathologic states, aortic and pulmonary artery EC may be exposed to markedly decreased blood oxygen content. Thus, adaptation and tolerance to acute and chronic hypoxia may be a fundamental property of these cells. In support of this concept, we and others have demonstrated that cultured vascular EC subjected to severe hypoxia exhibit changes in metabolic function (1) (2) (3) (4) (5) (6) (7) , yet retain their cellular integrity (2, 5, 7) .
The mechanisms by which EC preserve their integrity and cellular functions during decreases in ambient oxygen concentration are unknown but may parallel the response to other stresses, such as heat shock (8) . Exposure to elevated temperature leads to a decrease in total protein synthesis, with concomitant induction of specific proteins, and eventual cell death if the insult is unremitting. Nonlethal temperature elevation rapidly induces a family of highly conserved proteins termed heat shock proteins (HSPs), which appear to be linked to the phenomenon of thermotolerance, i.e., the enhanced survival of cells exposed to a subsequent potentially lethal heat stress (9) (10) (11) (12) (13) . Previous studies (14) (15) (16) (17) (18) have shown that exposure to anoxia also leads to the enhanced production of proteins, termed oxygen-regulated proteins or anoxia stress proteins; however, these proteins vary depending on the cell line examined and are usually associated with co-induction of HSPs and/or another family of stress proteins, the glucose-regulated proteins (GRPs) (13, 17, 19) .
In the current study, we characterize a specific set of EC proteins induced by acute and chronic hypoxia that are distinct from HSPs and demonstrate that the control of these proteins is likely to occur at the transcriptional level. Methods EC cultures. Bovine EC were isolated from freshly excised calf aortas and pulmonary arteries as previously described (2, 20) . EC were obtained by lightly scraping the intimal surface of longitudinally opened vessels; cells were seeded initially into 60-mm plastic dishes (Costar, Cambridge, MA) with growth media containing MEM (Gibco Laboratories, Grand Island, NY) supplemented with 15% heat-inactivated calf serum (CS) (Hyclone Laboratories, Logan, UT), 1 mM sodium pyruvate (Gibco Laboratories), penicillin and streptomycin (Sigma Chemical Co., St. Louis, MO). Cultures were maintained in a humidified incubator at 37°C in 95% air/5% CO2 and were identified as endothelial cells by typical cobblestone appearance, factor VIII immunofluorescence, and angiotensin-converting enzyme activity (2, 20) . Experiments were performed using aortic and pulmonary arterial EC of passages 5-12. Within each experiment, EC of the same passage from the same primary cell line were used. Experiments examining chronically hypoxic EC used aortic and pulmonary arterial EC maintained from isolation in 3% 02/5% C02/balance N2 (Medical-Technical Gases, Medford, MA) as previously described (21, 22) . In these experiments, EC maintained long term in 3% 02 were compared to EC from the same calf maintained in 95% air/5% CO2.
Total protein synthesis. EC monolayers were incubated for 1, 4, 8, or 18 h with 1 ml of growth media supplemented with 3 ACi/ml of neutralized 3H-amino acid mixture (New England Nuclear, Boston, MA). During the experimental period, EC monolayers were either incubated at 37°C in 95% air/5% CO2 or in a humidified sealed chamber (Billups-Rothenburg, Del Mar, CA) which was gassed with 3% or 0% 0J5% COj2balance N2 (Medical-Technical Gases). At the end of the incubation period, the partial pressure of oxygen in the culture medium was measured using a pH/blood gas analyzer (Instrumentation Laboratory, Lexington, MA) and was similar to previously described values (2, 22) . Parallel EC monolayers were assessed for injury by phase microscopic appearance, adherent cell counts, and 5"Cr release (2, 22) .
Trichloroacetic acid (TCA)-precipitable protein was measured in the EC monolayers as previously described (20). Amino acid incorporation was expressed as the ratio of counts in TCA-precipitate material divided by the total counts x 100%. Induction and labeling ofnewly synthesizedproteins. Hypoxia-associated proteins (HAPs) were induced by exposing confluent EC monolayers in humidified sealed chambers to 10%, 3%, or 0% OJ5% CO2/balance N2 for 4, 8, 12, or 18 h. EC monolayers were subjected to heat stress by sealing 35-mm dishes with parafilm to maintain CO2 and floating them in a temperature-controlled water bath at 430C for 1 h, 45°C for 15 min, or 45°C for 30 min. Chemical stress was produced by exposing EC monolayers to 10 or 100 MM sodium arsenite (Sigma Chemical Co.) in growth media for 1 h at 37°C. After the exposure to hypoxia, heat, or arsenite, EC monolayers were either immediately incubated with 1 ml ofmethionine-free modified Eagle's media (Gibco Laboratories) supplemented with 10% CS, 1 mM sodium pyruvate, and 50 MCi/ml of [35SJmethionine (New England Nuclear) for 1 h or allowed to recover at 37°C in 95% air/5% CO2 before labeling with radioactive methionine. For those EC monolayers which were subjected to sodium arsenite, monolayers were washed extensively with phosphate-buffered saline (PBS; pH 7.35, Gibco Laboratories) and incubated with fresh growth media before the recovery period. For the hypoxia-exposed monolayers, recovery periods were 2, 4, or 6 h; for the heat-and arsenite-exposed EC monolayers, recovery periods were 2 or 4 h. Normoxic EC monolayers were labeled in a similar manner. Preliminary experiments demonstrated that the induction of stress proteins was optimal under the following conditions: for hypoxia, 0% 02 for 18 h followed by 4 h of recovery; for heat shock, 45°C for 15 min followed by 2 h of recovery; for arsenite, 100MgM sodium arsenite for I h followed by 2 h of recovery.
To determine whether these proteins were secreted or remained cell-associated, supernatants were collected and centrifuged at 1,500 g for 5 min to remove any cellular debris, and 100 ul was added to 100 Ml of 10% TCA and 25 Ml of 5 mg/ml deoxycholate (Sigma Chemical Co.). This solution was placed on ice for 10 min and centrifuged at 1,500 g for 5 min; the pellet was dissolved in 1 ml of ether, vortexed, and centrifuged at 2,000 g for 15 min. This pellet was lysed in 100 l oflysis buffer (0.0625 mM Tris, pH 6.8, 10% glycerol, 3% SDS, 10% ,-mercaptoethanol). The corresponding EC monolayers were washed with PBS and lysed with 300 Ml of lysis buffer.
To determine whether long-term exposure to decreased ambient oxygen caused continued production of these HAPs, EC harvested from the same calfwere maintained from isolation for months in either 95% air/5% CO2 or 3% 02 (21, 22) . For experiments, these EC monolayers were continued at the same oxygen level or exposed to 0%°2 for 18 h followed by 4 h of recovery before [35S]methionine labeling and lysis. Alternatively, the EC monolayers chronically grown in 3% 02 were subjected to 45°C for 15 min and allowed to recover at 37°C for 2 h or incubated with 100 MM sodium arsenite for I h and allowed to recover in growth media for 2 h before [35S]methionine labeling and lysis.
To determine whether HAP expression was related to glucose depletion during glycolysis in the hypoxic cell (8, 13) , EC monolayers were exposed to 0% 02 for 18 h in the presence ofnormal media glucose concentration (100 mg/dl) or five times that concentration (500 mg/ dl). The EC were allowed to recover for 4 h and then labeled with [35S]methionine and lysed.
To determine whether hypoxia-sensitive cells, such as renal tubular epithelial cells (23, 24), up-regulate similar proteins, cultured mouse renal tubular epithelial cells (courtesy ofW. Lieberthal, Boston Univer-sity School of Medicine) were exposed to 0% 02, allowed to recover, and labeled with [3"S]methionine using the same protocol as for EC. Gel electrophoresis and autoradiography. Cell lysates were collected and boiled for 2 min before gel electrophoresis. Equal counts of lysate radioactivity were analyzed by 10% uniform concentration sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (25) . Alternatively, gels were loaded with equal volumes or equal amounts of protein of lysate per lane; protein concentration was determined by the method of Peterson (26) . Gels were stained with 0.1% Coomassie Brilliant Blue R-250 in 25% methanol, 5% acetic acid, and destained in 25% methanol and 5% acetic acid. The gels were dried and exposed to x-ray film (XAR-5, Eastman Kodak Co., Rochester, NY) with exposure times of 2-7 d. Induced protein bands were quantitated by densitometry (laser densitometer, LKB Produkter, Bromma, Sweden).
RNA isolation and in vitro translation. Cytoplasmic RNA was isolated by the method of Favaloro et al. (27) modified by Levine et al. (28) from EC maintained in 95% air/5% C02, EC subjected to 0% 02 for 18 h, EC subjected to 45°C for 15 min followed by 2 h of recovery, or EC subjected to 100 MM sodium arsenite for I h followed by 2 h of recovery. After extraction with phenol and chloroform, the RNA was precipitated, dissolved in water, and frozen. Quantitation was assessed by absorbance at 260 nm. Equal aliquots oftotal RNA were translated in a rabbit reticulocyte in vitro translation system (Bethesda Research Laboratories, Gaithersburg, MD) using 30 
Results
Total protein synthesis. Incubation of aortic and pulmonary arterial EC monolayers maintained in 95% air/5% CO2 with a 3H-amino acid mix showed an expected time-dependent increase in incorporation of label into TCA-precipitable protein ( Fig. 1) . A > 10-fold increase in 3H-amino acid incorporation was measured in both cell lines after 18 h of continuous labeling. Protein synthesis in EC monolayers exposed to 3% or 0%°2 was decreased, with the greatest inhibition occurring in both cell types incubated in 0% 02. The decrease in protein synthesis was evident by 4 h and increased as the exposure to hypoxia continued, such that the 3H-amino acid incorporation had in- creased only threeto fourfold after 18 h of continuous labeling. Despite this decrease in total protein synthesis, there was no evidence of EC injury as determined by phase microscopic appearance, adherent cell counts, or 5'Cr release (data not shown).
Induction of HAPs. Despite a marked reduction in total protein synthesis in EC monolayers exposed to 0% 02 over 18 h, there was induction of a specific family of proteins as shown by autoradiographs of [35S]methionine-labeled polypeptides separated by SDS-PAGE (Fig. 2) . These induced proteins had an apparent Mr of 34, 36, 39, 47, and 56 kD. All five proteins were present at low levels in normoxic EC, but were induced at least twoto fourfold as measured by densitometric analysis in both aortic and pulmonary arterial cell lines after hypoxia. Although there was slight variability in the degree of induction of B AE C the proteins, the 34-, 36-, 47-, and 56-kD HAPs were induced in all experiments; the 39-kD protein was not apparent in some experiments. Increased synthesis of these proteins was apparent on autoradiographs of polyacrylamide gels whether they were loaded by equal counts ofradioactivity, equal volumes, or equal protein of lysate (data not shown). At least two proteins of Mr 35 and 180 kD were specifically down-regulated in response to hypoxia.
Up-regulation ofthese proteins was dependent on the duration of hypoxia; synthesis was slightly increased at 4 h, and became maximal at 12-18 h (Fig. 3 ). Under these conditions, no additional enhancement was noted after this time period despite continued hypoxia to 48 h (data not shown). Of note, in every experiment, these proteins were maximally up-regulated only after total protein synthesis had fallen in response to hypoxia and were identical in both aortic and pulmonary arterial EC. Induction of these proteins was also dependent on the severity of hypoxia; the synthesis of these proteins increased as the ambient oxygen concentration decreased (Fig. 4) . Comparison of proteins found in supernatants and cell lysates of EC monolayers exposed to 0% 02 demonstrated no proteins upregulated by hypoxia in the supernatants (data not shown).
Comparison of the proteins induced by hypoxia to those induced by either hyperthermia or exposure to sodium arsenite demonstrated that HAPs were distinct from HSPs (Fig. 5 ). Hyperthermia increased the synthesis of proteins at Mr 68, 70, 90, and 1 10 kD, whereas sodium arsenite increased the synthesis of proteins at Mr 32, 38, 68, 70, 90, and 110 kD. These corresponded to conventional HSPs (1 1, 29, 30 ) and had different molecular masses from those of HAPs.
EC maintained long-term in 3%02 proliferated and retained markers and appearance oftypical cultured EC (21, 22) . Chronically hypoxic EC demonstrated persistently elevated levels of HAPs (Fig. 6 ). When these chronically hypoxic EC were exposed acutely to 0% 02, HAPs were further up-regulated. In addition, exposure ofthese chronically hypoxic cells to heator arsenite-induced HSPs that were identical to the HSPs induced in normoxic cells. BAEC and BPAEC were either maintained in 95% air (Cont) or exposed to 0% 02 for times indicated and allowed to recover in 95% air for 4 Comparison ofthe proteins induced by hypoxia in the presence ofeither normal or elevated media glucose concentrations is shown in Fig. 7 . HAPs were up-regulated after exposure to hypoxia in the presence of normal media glucose concentrations (100 mg/dl). The presence of media containing five times the normal media glucose concentration (500 mg/dl) did not alter the up-regulation of HAPs, suggesting that exposure to hypoxia, and not glucose depletion, is necessary for induction of these proteins.
Exposure of cultured mouse renal tubular epithelial cells to 0% 02 caused irreversible damage to these cells within 8 h (data not shown). No proteins corresponding to HAPs were upregulated during this period (Fig. 8 ). maintained at 3% 02 were either exposed to the same _-=-_ Sa oxygen level or exposed to to recover in 95% air for 4 h. Alternatively, EC T .Ji maintained at 3% 02 were exposed to 45°C for 15 min and allowed to recover at 37°C for 2 h (heat), or incubated with 100 ,M sodium arsenite for 1 h and allowed to recover in growth media for 2 h (Ars).
Cont 3%
39% -3% * 3sS -Cells were then pulse- In vitro translation. In vitro translation of RNA indicated that the steady-state level of several mRNAs was higher in EC exposed to 0% 02 as compared to normoxic EC (Fig. 9) . These mRNAs encoded for proteins of Mr 32, 35, 37, 40, and 48 kD, with the 37-kD encoded protein being the most prominent. The encoded proteins of 35, 37, and 48 kD were ofthe approximate molecular mass as three of the four consistently present HAPs. No mRNA-encoded protein corresponded to the 56-kD Cultured mouse renal tubular epithelial cells were either maintained in 95% air (Cont) or exposed to 0% 02 for 4 HAP noted on one-dimensional analysis of cell lysates. With the possible exception ofthe 32-kD protein, these encoded proteins were different from those encoded by mRNA from EC subjected to heat shock (39, 70, 71, and 92 kD) or sodium arsenite treatment (32, 39, 70, 71 , and 92 kD).
Discussion
Prokaryotic and eukaryotic cells respond to a variety of environmental insults by altering their cellular machinery both to down-regulate total protein synthesis and to up-regulate the production of a specific set of polypeptides termed "stress proteins." Best studied are HSPs and the heat shock response; recent studies suggest that these proteins protect, preserve, and recover the functions of various protein complexes during heat shock (reviewed in reference 31). HSP 70 appears to be important in the unfolding, disassembly, and translocation of proteins; whereas HSP 60 and possibly HSP 90 participate in the folding and assembly of polypeptides. Several stresses other than heat, such as viral infections, heavy metals, ethanol, the sulfhydryl reagent sodium arsenite, and amino acid analogues, also induce classic HSPs (1 1, 13, 30, 32, 33) ; in addition to the induction of classic HSPs, arsenite also induces a non-HSP of 32 kD, recently identified as the enzyme heme oxygenase (34) . EC in vivo are exposed to diverse forms of stress, including changes in blood ambient oxygen concentration. Previous work by us and others have demonstrated that endothelial cells in culture are tolerant to short-term anoxia and long-term hypoxia as evidenced by maintenance oftheir metabolic and cellular integrity (1) (2) (3) (4) (5) (6) (7) . The mechanisms by which these cells survive during hypoxia have not been established but may parallel the relationship between other well-documented stresses and the induction of stress proteins. Our studies suggest that exposure to decreased levels of oxygen is a true "stress" in that prolonged severe exposure (0% oxygen for > 96 h) causes EC death (our unpublished observations), yet short-term exposure to hypoxia or anoxia causes no apparent cellular damage and is associated with the concurrent down-regulation oftotal protein synthesis and the induction ofa specific set ofproteins (HAPs). These stress proteins are, however, distinct from the proteins induced by other forms of stress, such as heat shock or sodium arsenite, in the same EC.
Previous work by us and others have demonstrated differences in the production of a neutrophil chemoattractant (2) and a smooth muscle mitogen (7) by aortic and pulmonary artery endothelium in response to short-term anoxia. However, in the current study, there was no difference in the induction of HAPs in these two cell lines in all the parameters examined (time course, degree of hypoxia, levels of mRNA, etc.). While aortic and pulmonary arterial endothelial cells may exhibit differential metabolic responses to hypoxia, the basic response to hypoxia as a "stress" appears to be similar in these two cell lines.
Studies in other mammalian cell lines have demonstrated induction of proteins in response to anoxia. In none of these studies was the protein profile induced by anoxia similar to that of HAPs in EC. For example, EMT6/Ro mouse mammary tumor cells produce proteins of 33, 150, and 260 kD and GRP 80 and GRP 100 (16) , rat hippocampal cells produce HSP 68 (15) , rat embryo and BALB/c mouse lines produce a 35-kD protein that may be a subunit oflactate dehydrogenase ( 14) , rat fibroblasts produce a 34-kD protein along with GRP 78 and GRP 94 (8) , and Chinese hamster ovarian cells transiently increase production of HSP 68-70 and HSP 89 and then produce GRP 76 and GRP 97, and GRP 170 (17, 18) . In addition, release from anoxia in CHO cells induces HSP 68 and HSP 89 (18) . In view of the overlap of these anoxia-induced proteins and GRPs, it has been suggested that the induction ofGRPs in anoxic conditions is a reflection of depletion of glucose from the media by increased glycolysis in the anaerobic cell (8, 13) . Figure 9 . In vitro translation. EC were either maintained in 95% air (Cont), exposed to 0% 02 for 18 h (0% 02), exposed to 45°C for 15 min and allowed to recover at 37°C for 2 h (Heat), or incubated with 100 MM sodium arsenite for I h and allowed to recover in growth media for 2 h (Ars). In this regard, our studies demonstrate that HAPs synthesis is not suppressed in hypoxic EC incubated with media containing five times the normal concentration of glucose.
Although exposure to 0% oxygen is lethal after several days, EC are able to survive for months in 3% oxygen. In fact, these cells continue to proliferate, retain the markers and characteristics ofcultured EC, and exhibit no evidence ofcellular injury (21, 22) . The mechanisms by which EC tolerate long-term hypoxia are not known, but it is ofinterest that chronically hypoxic EC continue to synthesize elevated levels ofHAPs. In addition, these cells are capable of greater synthesis of HAPs when exposed acutely to 0% oxygen. Furthermore, despite the persistent production of HAPs, these chronically hypoxic cells are still capable ofresponding to another form ofstress such as heat shock or arsenite with the induction of typical HSPs. As in EC exposed to acute hypoxia, the HAPs in chronically hypoxic EC are distinct from the stress proteins induced by heat shock or sodium arsenite.
We have designated the proteins induced in these experiments "hypoxia-associated proteins" or HAPs. Previous studies in other cell lines have evaluated protein induction only under anoxic conditions and have termed the induced proteins "anoxia stress proteins" or "oxygen-regulated proteins" (14) (15) (16) (17) (18) . In the current study, we have demonstrated that exposure to both acute and chronic hypoxia (3% oxygen) as well as acute anoxia up-regulate these proteins and believe that hypoxia-associated proteins is a more specific nomenclature.
Although the function of HAPs is unknown, their induction during acute hypoxia or anoxia, continued synthesis during chronic hypoxia, and further up-regulation when chronically hypoxic EC are exposed to acute anoxia suggests that HAPs may be important in the maintenance of EC integrity under conditions of decreased ambient oxygen. Perhaps, induction of these HAPs might explain why endothelial cells are relatively "hypoxia-tolerant," whereas numerous other cell types such as hepatocytes (35, 36) , myocardial cells (37, 38), and renal tubular cells (23, 24) are particularly sensitive to even brief exposure to hypoxia. In support ofthis concept, our studies demonstrate that exposure to hypoxia causes irreversible damage in cultured renal tubular epithelial cells within 8 h; no new proteins corresponding to HAPs are up-regulated before cell death.
Our work demonstrates that HAPs are different from HSPs and are likely regulated at the RNA level. The steady-state level of several mRNAs was higher in cells exposed to hypoxia, as measured by in vitro translation. Proteins of 35, 37, and 48 kD were of the appropriate molecular mass of three of the four consistently expressed HAPs. We did not detect an in vitro translation product corresponding to the 56-kD HAP. However, owing to the lack of post-translational modification, one ofthe other hypoxia-inducible in vitro translated proteins may represent this HAP. Alternatively, the induction of the 56-kD protein may represent a translational, rather than a transcriptional, event. Further purification ofthese proteins and generation ofHAP-specific antisera may lead to the identification ofa marker for hypoxia in endothelial cells. The development of a marker of the early changes induced in endothelial cells by exposure to hypoxia might have potential application in such clinical entities as atherosclerosis, EC involvement in inflammation, rescue therapies for ischemic heart disease, and radiation therapy resistance in hypoxic tumor cells.
